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Edited by Michael R. SussmanAbstract Ethylene receptors sense ethylene and regulate down-
stream signaling events. Tobacco ethylene receptor NTHK1,
possessing Ser/Thr kinase activity, has been found to function
in plant growth and salt-stress responses. NTHK1 contains
transmembrane domains, a GAF domain, a kinase domain and
a receiver domain. We examined roles of these domains in regu-
lation of plant leaf growth, salt-stress responses and salt-respon-
sive gene expressions using an overexpression approach. We
found that the transgenic Arabidopsis plants harboring the trans-
membrane domain plus kinase domain exhibited large rosettes,
had reduction in ethylene sensitivity, and showed enhanced salt
sensitivity. The transgenic plants harboring the transmembrane
domain plus GAF domain also showed larger rosettes. Trunca-
tions of NTHK1 aﬀected salt-induced gene expressions. Trans-
membrane domain plus kinase domain promoted RD21A and
VSP2 expression but decreased salt-induction of AtNAC2. The
kinase domain itself promoted AtERF4 gene expression. The
GAF domain itself enhanced Cor6.6 induction. Moreover,
the NTHK1 functional kinase domain phosphorylated the HIS
and ATP subdomains, and ﬁve putative phosphorylation sites
were identiﬁed in these two subdomains. In addition, the salt-
responsive element of the NTHK1 gene was in the transmem-
brane-coding region but not in the promoter region. These results
indicate that NTHK1 domains or combination of them have spe-
ciﬁc functions in plant leaf growth, salt-stress response, gene
expression and protein phosphorylation.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Ethylene plays important roles in many aspects of plant
growth and development, e.g., seed germination, asymmetric
growth, root formation, ﬂowering, senescence and ripening.
It is also believed to function in biotic and abiotic stress re-
sponses [1,2]. Ethylene causes triple response in etiolated plant
seedlings. Based on the triple response, a number of Arabidop-
sis mutants have been screened. Analyses of these ethylene
response mutants have revealed components of the ethylene-*Corresponding authors. Fax: +86 10 64873428.
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doi:10.1016/j.febslet.2006.01.037signaling pathway, including ethylene receptors, a Raf-like
protein kinase CTR1, a membrane protein EIN2 and a tran-
scription factor EIN3 [3–6]. The CTR1 kinase activity has been
conﬁrmed and this protein may interact with ethylene recep-
tors [7–10]. The membrane-associated EIN2 is related to
Nramp-like metal-ion-transporters and plays a central role in
the pathway [11]. EIN3 is a nuclear-localized transcription fac-
tor, whose stability is regulated by the proteasome-mediated
pathway [12–15]. Since all these components are identiﬁed
based on the analysis of the triple response, other components
relating to other subsets of ethylene responses may be found
[16]. Additional components may still be incorporated into this
pathway [17].
In Arabidopsis, ﬁve ethylene receptors namely ETR1, ETR2,
EIN4, ERS1 and ERS2 have been identiﬁed and all show sim-
ilarity to the bacterial two-component histidine kinases [18–
21]. Based on the structural features, the ﬁve receptors can
be further classiﬁed into two subfamilies. Subfamily I contains
ETR1 and ERS1. Subfamily II contains ETR2, EIN4 and
ERS2. The subfamily I members have conserved histidine ki-
nase domains whereas the subfamily II members have more di-
verged kinase domains when compared with the bacterial
histidine kinases. All of the ﬁve ethylene receptors can bind
ethylene [22–24] and all have kinase activity. Whereas the
ETR1 has histidine kinase activity [25], the other four recep-
tors contain Ser/Thr kinase activity, and ERS1 has both histi-
dine kinase and Ser/Thr kinase activity under diﬀerent assay
conditions [26]. The roles of the ETR1 kinase domain and its
kinase activity have been examined and may be subtle for eth-
ylene signaling [27–30].
Homologous ethylene receptor genes have been isolated
from many other plants, e.g., tomato [31], tobacco [32,33],
muskmelon [34], rice [35] and wheat [36]. Each plant appears
to contain several members of the ethylene receptor family.
Although it is assumed that the functions of these receptors
and their signaling components are similar to those of Arabid-
opsis, speciﬁcity may still be present among diﬀerent plant spe-
cies [37,38]. In tobacco, four ethylene receptors have been
identiﬁed, i.e., NtETR1, NtERS1, NTHK1 and NTHK2
[32,33,39–41]. The ﬁrst two receptors represents the subfamily
I members whereas the latter two represents the subfamily II
members showing around 50% identity to the EIN4 and
ETR2 from Arabidopsis. Both the NTHK1 and NTHK2 genes
are responsive to various stresses, with the NTHK1 speciﬁcally
induced by salt stress [32,33,41–43]. Both the NTHK1 and
NTHK2 have Ser/Thr kinase activity, and NTHK2 may also
have histidine kinase activity under diﬀerent ion conditionsation of European Biochemical Societies.
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large rosettes, reduced sensitivity to ethylene but enhanced sen-
sitivity to salt stress at seedling stage [43,45]. NTHK1 also pro-
motes expressions of salt-responsive marker genes [45].
Microarray analysis has identiﬁed novel receptor-like kinase
and transcription factor genes that are salt-responsive and
are regulated by NTHK1 and ethylene signaling [46,47].
NTHK1 contains several domains, including transmembrane
domains, GAF domain, kinase domain and receiver domain.
The functions of these domains in plant growth and stress re-
sponse are not known. In the present study, we made several
constructs harboring various truncated versions of the NTHK1
and examined the eﬀects of the truncated NTHK1 on plant
growth, salt-stress response and gene expressions using a heter-
ologous Arabidopsis transgenic approach. Because Arabidopsis
ethylene receptor gain-of-function mutant gene etr1-1 equiva-
lently functions in a tobacco background [48], it is reasonable
to assume that a tobacco ethylene receptor gene would similarly
work in the Arabidopsis background. The mutant etr1-1 gene
also confers dominant ethylene insensitivity in transgenic toma-
to [49], andmutant tomato ethylene receptors in transgenicAra-
bidopsis results in reduced ethylene sensitivity [50]. We ﬁnd that
the kinase domain of NTHK1 played a major role in promoting
plant growth and generating stress responses. A speciﬁc mech-
anism for NTHK1 mRNA accumulation, and the putative
phosphorylated domains and phosphorylation sites in NTHK1
were also disclosed. Our results facilitate the understanding of
the ethylene receptor functions in plants.2. Materials and methods
2.1. Plant growth and stress treatments
Seeds of Arabidopsis (ecotype Columbia) and its ethylene-insensitive
mutant etr1-1 were treated with 70% ethanol for 5 min and then ster-
ilized with 15% bleach (Kao incorporation, Tokyo, Japan). After
washing for 5 times with sterile water, the seeds were plated on solid-
iﬁed MS medium [51]. The seeds were stratiﬁed at 4 C for 2 d and then
germinated at 23 C under continuous illumination condition. For pot
growth, seeds were sown in pots (8 · 10 cm) containing vermiculite
soaked with 1/4 MS solution, and then germinated in growth chambers
at 23 C under continuous illumination.
Five-day-old seedlings from wild-type Arabidopsis (Col) and the
NTHK1 transgenic lines were transferred onto MS medium containing
0, 50, 100 and 200 mM of NaCl. Each plate was divided into several
equal regions to grow the Col and the transgenic seedlings. After around
seven days, the phenotypic change in these seedlings was observed. To
examine gene expression, 12-day-old seedlings of Arabidopsis Colum-
bia, various NTHK1 transgenic lines were carefully pulled out from
the plates and immersed in solution containing 100 mM NaCl for vari-
ous times. TheNTHK1 transgenic seedlings of 12-day-old were also im-
mersed in 50 lM of cycloheximide (CHX) for various times. The
materials were collected for RNA extraction. ACC dose response was
examined following previous description and the seedling length includ-
ing hypocotyls and roots was measured for 25 to 30 seedlings [45].2.2. Constructs and plant transformation
To express diﬀerent truncated versions of NTHK1 in transgenic
Arabidopsis, DNA fragments encoding the full-length NTHK1 (BK1,
amino acids 1–762), NTHK1 without the receiver domain (DRD,
amino acids 1–636), NTHK1 without ATP-binding motif and receiver
domain (DATP, amino acids 1–445), the transmembrane domains plus
the GAF domain (DHIS, amino acids 1–345), and NTHK1 without
transmembrane domains (DTM, amino acids 145–762) were ampliﬁed
from the original NTHK1 plasmid. For BK1, the sense primer NKF1
is 5 0-TCCGGATCCATGTTAAGGACATTAGCATTAG-3 0 and the
antisense primer NKR1 is 5 0-GCAGCTAGCACATCATCACGT-GATTATGCTTG-3 0. The primers for DRD are NKF1 and NKR2:
5 0-AACGCTAGCCCCCTGGAGGAGTGTGG-30. The primers for
DATP are NKF1 and NKR3: 5 0-GCAGCTAGCATGTAGCTGAA
AATGCCTCAT-3 0. The primers for DHIS are NKF1 and NKR4:
5 0-GCAGCTAGCCAGAGCTCGATTTTGCTCCTC-30. The primers
for DTM are NKF2: 5 0-AGGGGATCCATGCTGAAAAAGAAA
ACTTGG-30 and NKR1. All the DNA fragments were digested with
BamHI and KpnI, and inserted into the BamHI and KpnI site of the
pBIN438 vector. These versions were controlled by the 35S promoter.
The constructs were transformed into Arabidopsis using inﬁltration
method.
2.3. RNA isolation and Northern blot analysis
Total RNA isolation was performed following the description by
Zhang et al. [52]. Total RNA (20–30 lg) was fractionated on a 1.0%
agarose gel containing formaldehyde, blotted onto nylon membranes
and hybridized as described previously [52]. Probes were labeled with
a 32P-dCTP by the random-priming method. All the Northern analyses
were repeated for three times with independent RNA samples, and the
results were consistent. Results from one set of the experiments were
presented.
The gene-speciﬁc DNA fragments were ampliﬁed by PCR, con-
ﬁrmed by sequencing and used for probe-labeling. The primers used
were as follows: for AtERF4, 5 0-CTATCCGAGAATGGCCAAG-30
and 5 0-AACAACATGGGGTGAAACC-3 0; for Cor6.6, 5 0-ACATCA
AAAACGATTTTACAAG-3 0 and 5 0-GAACTTAAACTAGATTTT
GTTG-3 0; Primers for other genes are as follows: for VSP2 (At5g2
4770), 5 0-CGGGAACGTAGCCGAACTCTTAGA-3 0 and 5 0-GAC-
ATAGATATGAAGTGTATACAAGGG-3 0; For AtNAC2, 5 0- CTT
AAAGCAACTACACAAGTC-3 0 and 5 0-ATCACAAAACACAGC-
GAATG-3 0; for RD21A (At4g11320), 5 0-CTAAGTCCGTTGACTG-
GAGAAACGA-3 0 and 5 0-GTTCTTGAGAGGGTATGAAGCTC
GC-3 0 and for CHLBP 5 0-GATCCCGAGACCTTCGCTAGGAA-3 0
and 5 0-CGAAGTTGGTAGCGAAGGCCCATG-3 0.
2.4. Scanning microscopy
For scanning electron microscopy, the procedures followed the
description by Cao [45]. Brieﬂy, samples were ﬁrst ﬁxed in 2.5% glutar-
aldehyde and then washed with phosphate buﬀer. The materials were
further ﬁxed in 1% Osmic acid (OsO4) and washed with phosphate buf-
fer. After treatment with a series of ethanol, the samples were then trea-
ted with isopentyl acetate. The materials were then dried using a critical
point dryer (CPD030), gold coated using a sputter coater (SCD005) and
examined under a scanning electron microscope (Hitachi S-570).2.5. Measurement of relative electrolyte leakage
Four-week-old pot-grown plants were subjected to salt treatment
with increasing concentrations of NaCl (100, 200, 300 mM). The pots
were placed in a tray containing the NaCl solution and the treatment
with each concentration lasted 4 d. After 12-d treatment, the leaves were
collected and used to evaluate the electrolyte leakage by determining
their relative conductivity in solution. The conductivity was determined
using a conductivity detector DDS-11A (Kangyi, Shanghai).
2.6. Expression of the truncated NTHK1 proteins and the
phosphorylation assay
To express diﬀerent truncated version of NTHK1 as fusions to glu-
tathione S-transferase (GST) in yeast, DNA fragments encoding the
GAF domain plus the putative kinase domain (GKD, amino acids
145–636), the kinase domain without the ATP-binding motif
[GKD(DATP), amino acids 145–445], the kinase domain without the
GAF domain [GKD(DGAF), amino acids 342–636], the receiver do-
main RD (amino acids 624–762), the GAF domain (amino acids
145–345), the HIS domain (amino acids 342–445) and the ATP-bind-
ing domain (ATP, amino acids 446–636) were ampliﬁed from the
original NTHK1 plasmid. For GKD, GKD(DATP) and RD, the sense
primer and the antisense primer were as described previously
(Xie et al. [44]). The primers for GKD(DGAF) are 5 0-
TCCGGATCCCATATGAGAGAAACATTGGAG-30 and 5 0-
AACGCTAGCCCCCTGGAGGAGTGTGG-3 0. The primers for
GAF are 5 0-AGGGGATCCATGCTGAAAAAGAAAACTTGG-3 0
and 5 0-GCAGCTAGCCAGAGCTCGATTTTGCTCCTC-30. The
primers for HIS are 5 0-TCCGGATCCCATATGAGAGAAAC-
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CTCAT-3 0. The primers for ATP are 5 0-TCCGGATCCCATAT-
GAGAGAAACATTGGAG-3 0 and 5 0-AACGCTAGCCCCCTGGA-
GGAGTGTGG-3 0. The PCR products were digested with BamHI
and NheI, cloned into the yeast expression vector pESP-2 (Stratagene)
and conﬁrmed by sequencing. The recombinant plasmids were trans-
formed into Schizosaccharomyces pombe SP-Q01 yeast strain (leu 1–
32 h, Stratagene) and the positive colonies were identiﬁed by their
ability to grow on Edinburgh minimal mediumsupplemented with thi-
amine. Growing the cells in Edinburgh minimal medium without thia-
mine induced expression of GST fusion protein. The expression,
puriﬁcation and Western blotting were performed following previous
description [41,44].
Phosphorylation was performed in a 25 ll assay buﬀer [50 mM Tris–
HCl, pH 7.6, 50 mM KCl, 2 mM DTT, 10% (v/v) glycerol] containing
0.5–1 lg GST fusion proteins in the presence of 5 mM MnCl2. The
phosphorylation was initiated by adding 25 lCi of [c-32P] ATP
(30 Ci mmol1), incubated at 22 C for 40 min and terminated by the
addition of EDTA to a ﬁnal concentration of 10 mM. Other proce-
dures followed previous description [41,44].
For substrate phosphorylation, GKD (0.5 lg) was incubated under
phosphorylating condition with no substrate or with myelin basic pro-
tein (MBP), HIS, ATP, GAF, RD (0.5 lg). The phosphorylated pro-
teins were resolved on SDS–PAGE gel, transferred to PVDF
membranes and subjected to autoradiography or Coomassie blue
staining. Oligopeptide phosphorylation was assayed in a ﬁnal reaction
volume of 25 ll in the kinase buﬀer with 200 lM oligopeptides and
0.5 lg of GKD. Peptide P1 (HMRETLEEQ), Peptide P2 (ALRAS-
QARN), Peptide P3 (AKTSSVVST), Peptide P4 (VMDTSTK-
DNSRFPL), Peptide P5 (KTRRSHSSSLENV), and Peptide P6
(ETRRSREVE) were derived from the kinase domain of NTHK1
and custom-synthesized by Sangon. Peptides S1 (VRKRTLRRL), S2
(RFARKGSLRQKNV) and S3 (LRRWSLG) were from Sigma. Incu-
bation was for 40 min at 22 C. The fusion proteins (GST-GKD) were
bound to glutathione–sepharose and pelleted by low speed centrifuga-
tion. Fifteen microliters of supernatant were used for detection of pep-
tide phosphorylation by liquid scintillation counting. The experiments
were repeated twice and the results were consistent. Results from one
experiment were presented.2.7. Cloning of the NTHK1 promoter and GUS assay
The promoter of NTHK1 was cloned by VITRO-PCR method (TA-
KARA). Nested primers for VITRO-PCR were NTHK1a1: 5 0-
CCAGAGCAAGCCAATCCAAGAGTGAG-30 and NTHK1a2:
5 0-GAGTGAGATCTTATGGTTCACCC-30. The genomic DNA of
tobacco was digested with XbaI, and then ligated with XbaI adapter
containing two common primers C1 and C2. For the ﬁrst reaction,
DNA fragments were ampliﬁed by PCR with NTHK1a1 and common
primer C1. For the secondary reaction, 2 ll aliquots of the primary PCR
products were diluted to 100 ll. One microliters of the dilution was
added to 19 ll secondary PCR mixtures and DNA fragments were
ampliﬁed with NTHK1a2 and common primer C2. The PCR products
were cloned into the pGEM-T vector (Promega, Madison, WI) and se-
quenced. The NTHK1 promoter fragment was released by digesting
with BamHI and HindIII and cloned into a binary vector pBI121. The
resulting plasmid carriesNTHK1 promoter::GUS fusion. The construct
was introduced intoAgrobacterium tumefaciens strain GV3101 and then
transformed intoArabidopsis (Columbia) according to the vacuum inﬁl-
tration method or into tobacco by leaf disc method. For salt stress, the
transgenic seedling and control were immersed in solutions containing
100 mM NaCl for various times. For wounding treatment, these seed-
lings were cut into slices and immersed in water for various times.
GUS activity was determined according to the method of Jeﬀerson
et al. [53]. Three independent experiments were performed and the re-
sults were comparable. The results from one experiment were shown.3. Results
3.1. Functions of the NTHK1 domains in plant cell growth and
ethylene sensitivity
The NTHK1 ethylene receptor contains four hydrophobic
regions, a GAF domain, a kinase domain and a receiver do-main [32]. The kinase domain was further divided into two
subdomains, the ATP-binding subdomain and the putative
His phosphorylation subdomain. To investigate the functions
of these domains in plant growth and salt-stress response, ﬁve
constructs containing diﬀerent truncated versions of the
NTHK1 driven by the 35S promoter were made (Fig. 1A)
and transformed into Arabidopsis. The transgenic lines harbor-
ing the full-length of NTHK1 (pBK1), the truncated NTHK1
without the receiver domain (pBK1-DRD), the truncated
NTHK1 with the deletion from the ATP-binding subdomain
(pBK1-DATP), the truncated NTHK1 with the deletion from
the putative His phosphorylation subdomain (pBK1-DHIS),
and the truncated NTHK1 without the transmembrane do-
mains (pBK1-DTM) were named as BK1, DRD, DATP, DHIS
and DTM, respectively. These lines were conﬁrmed by South-
ern and RT-PCR analysis (data not shown), and the represen-
tatives were further investigated. The BK1, DRD, DATP, and
DHIS transgenic plants showed large rosettes when compared
with the wild-type Col. From the BK1 transgenic lines to the
DHIS lines, the percentage of the lines showing large rosettes
was decreased (Table 1). As to the rosette size and leaf size,
the BK1 line and the DRD line were the largest whereas the
DTM plants were similar in size to the wild-type Col
(Fig. 1B and D). The DATP and DHIS lines also exhibited lar-
ger sizes. The sizes of these diﬀerent transgenic plants were
consistent with their corresponding epidermal cell sizes
(Fig. 1C). These results indicate that the transmembrane do-
mains plus the GAF domain may promote the cell growth
and the presence of the kinase domain may facilitate the func-
tion of the GAF domain. The receiver domain may not be
required for plant cell growth.
The ethylene sensitivity of these various transgenic lines was
also tested, and the etr1-1 mutant and Col were used as ethyl-
ene-insensitive control and ethylene-sensitive control, respec-
tively (Fig. 1E). The BK1 and the DRD line were less
sensitive to ACC treatment, as judged from the shifted half-
maximal responses for the actual seedling length and especially
for the relative seedling length (data not shown). The DATP,
DHIS, and DTM lines did not show signiﬁcant diﬀerence in
ACC sensitivity except that in air the DATP and DHIS lines
had longer seedling.3.2. Function of the NTHK1 domains in salt-stress responses
Previously, we have found that the transgenic Arabidopsis
overexpressing the NTHK1 exhibited epinasty under salt stress
[45]. The transgenic lines harboring diﬀerent truncated ver-
sions of the NTHK1 were also subjected to the salt-stress treat-
ment and the phenotypic change was examined. Fig. 2A shows
that the BK1 and the DRD transgenic plants, similar to the
etr1-1 mutant, had salt-sensitive epinasty phenotype under
100 mM NaCl. However, the other transgenic lines showed
phenotype similar to that of the Col. The percentage of the
transgenic plants showing epinastic phenotype were also mea-
sured. Fig. 2B shows that more than 90% of the etr1-1, BK1-E
and DRD-4 plants exhibited epinasty whereas only less than
10% of the Col and other transgenic lines had such a pheno-
type. These results indicate that the transmembrane domain
plus kinase domain are required for the salt-induced pheno-
typic change.
Electrolyte leakage represents a damage caused by salt stress
in plants. Previously we have found that the relative electrolyte
1242 H.-L. Zhou et al. / FEBS Letters 580 (2006) 1239–1250leakage was altered in the transgenic plants overexpressing
NTHK1 (Cao, Liu, Zhang and Chen, unpublished results).
We further examined this parameter in the present series of
transgenic plants under salt stress to see if the truncation of
NTHK1 would aﬀect the electrolyte leakage. Fig. 2C shows
that the BK1 and the DRD transgenic plants had higher levels
of electrolyte leakage whereas other transgenic plants had
comparable levels in comparison to the wild-type Col. It
should be noted that the relative electrolyte leakage in the
DRD line was higher than that in the BK1 line. These resultspBK1    1-762 aa GAF
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domain.
3.3. Diﬀerent domains of NTHK1 have speciﬁc roles in
regulating salt-responsive gene expression
Because NTHK1 regulates salt-responsive gene expression
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Table 1
Percentage of the NTHK1-transgenic lines that showed larger rosettes
in comparison with the wild-type Col
Constructs Transgenic
plants
Total lines Lines showing
larger rosettes
Percentage
pBK1 BK1 10 8 80
pBK1-DRD DRD 9 7 78
pBK1-DATP DATP 8 5 63
pBK1-DHIS DHIS 9 4 44
pBK1-DTM DTM 11 0 0
Rosette size of the transgenic plants was measured and compared with
that of the Col plants.
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our microarray analysis [45,47]. The AtNAC2 is a transcription
factor gene regulated by ethylene signaling and involved in
salt-stress response [47]. The RD21A, VSP2 and Cor6.6 genes
were all eﬀector protein genes responsive to salt and other abi-
otic stresses [54–56]. AtERF4 is an AP2/EREBP-type tran-
scription factor gene whose salt-induced expression was
suppressed by NTHK1 function [45]. In the Col and the
DATP, DHIS and DTM transgenic plants, the AtNAC2 gene
was apparently induced under salt stress. However, this induc-
tion was reduced in intensity in the BK1 and the DRD trans-
genic plants (Fig. 3). For the RD21A and the VSP2 genes,
their expression was slightly induced in the Col, the DATP,NaCl (mM)  0          50    100          200
BK1-E
RD-4
ATP-29
HIS-9
TM-13
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etr1-1
A
Fig. 2. NTHK1 domain functions in salt-stress responses. (A) Phenotype of th
gene under NaCl stress in comparison with that of the etr1-1 and Col. (B)
phenotype. For each transgenic line, 48 plants were subjected to salt tre
independent sets of experiments were performed and values represent means
were analyzed. (C) Relative electrolyte leakage in various transgenic lines u
concentrations of NaCl and the leaves were collected for the conductivity mDHIS and DTM transgenic plants. In the BK1 and the DRD
transgenic plants, the RD21 gene appeared to be constitutively
expressed whereas the VSP2 gene expression was induced to a
higher level by salt stress (Fig. 3). The AtERF4 gene was
slightly induced in the DHIS transgenic plants and the Col
plants. It was strongly induced in the BK1, DRD, and DTM
transgenic plants (Fig. 3). It is interesting to note that the
AtERF4 was also induced in the DATP plants at a relatively
later time (12 h) after initiation of the salt treatment. This
induction, together with the basal induction in the DHIS
plants, possibly indicated that the HIS domain itself also had
a role in regulating the AtERF4 expression. The expression
of the Cor6.6 gene was also examined. Fig. 3 shows that this
gene was salt-induced in the Col plants and the induction
was enhanced in all the ﬁve transgenic plants. As two controls,
the chlorophyll binding protein gene CHLBP and the 18S
rRNA gene did not show signiﬁcant alterations in expression
under salt stress. All these results indicate that the presence
of the transmembrane domain plus kinase domain of NTHK1
may inhibit the AtNAC2 expression but enhance the RD21A
and VSP2 gene expressions. The AtERF4 induction may be
promoted by the presence of kinase domain of NTHK1 or
the HIS domain but not require the transmembrane domain
function. The Cor6.6 induction is controlled only by the
GAF domain.
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Fig. 3. Regulation of the salt-responsive gene expression by diﬀerent domains of the NTHK1. Two-week-old plate-grown plants from diﬀerent
NTHK1-transgenic lines were carefully pulled out from the plate and treated with 100 mMNaCl for the indicated times. Total RNA was isolated and
subjected to Northern analysis. Probes were synthesized from the genes AtNAC2, RD21A, VSP2, AtERF4 or Cor6.6. The chlorophyll binding
protein gene CHLBP and the 18S rRNA gene were also used to probe the RNA blot to examine the loading.
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speciﬁc mechanism but not related to the NTHK1 promoter
region
We have previously found that the NTHK1 gene was salt-
inducible and the salt-responsive element was in the coding re-
gion [32,45]. The NTHK1 mRNA accumulation was further
examined in the present transgenic plants harboring diﬀerent
truncated versions of the NTHK1 to ﬁgure out which region
is responsible for the salt-induced NTHK1 mRNA accumula-
tion. Fig. 4A shows that the BK1, DRD, DATP and DHIS
transgenic plants still exhibited salt-induced accumulations of
the corresponding transcripts. However, in the DTM trans-
genic plants, the transcript level remained relatively higher
under normal condition and was not signiﬁcantly aﬀected by
salt-stress treatment. As a control, the GUS gene expression
in 35S-GUS transgenic plants was not signiﬁcantly aﬀected
by salt treatment (Fig. 4A). CHX can induce the accumulation
of the NTHK1 transcripts [45]. This chemical was also used to
treat the transgenic plants and the corresponding transcript
levels were examined. Fig. 4B shows that the corresponding
transcripts were accumulated in the BK1, DRD, DATP and
DHIS transgenic plants in response to the CHX treatment.
However, in the DTM transgenic plants, the transcript level
was kept constant. Under the same treatment, the expression
of the chlorophyll binding protein gene CHLBP was inhibited
in all these transgenic plants. All these results indicate that the
sequence coding for the transmembrane domain may be re-
lated to the salt- and CHX-induced accumulation of the
NTHK1 transcript.
To further elucidate the mechanism of the NTHK1 expres-
sion, we cloned the 1.3 Kb promoter region of the NTHK1
gene from tobacco and made a construct containing the 1.3
Kb-promoter-driven GUS gene (Fig. 5A and B). The constructwas transformed into Arabidopsis and tobacco plants, and the
GUS expression was examined. Fig. 5C shows that the GUS
staining was mainly located in the young leaves, the apex,
and ﬂower organs of both the transgenic Arabidopsis and the
transgenic tobacco plants. Because the NTHK1 gene was
wound-inducible in tobacco [32,43], and 8 wound-responsive
elements were identiﬁed in the NTHK1 promoter region
(Fig. 5A), we tested if the NTHK1 promoter-controlled GUS
expression was wound-inducible. Fig. 5D shows that the
GUS activity was induced by wounding in both the transgenic
Arabidopsis and the transgenic tobacco plants. We further
examined the GUS expression in response to the salt treat-
ment. Fig. 5E shows that the GUS activity was not signiﬁ-
cantly aﬀected by the salt stress. These results suggest that
the NTHK1 promoter is responsive to wounding but not salt
stress.
3.5. Kinase activity and putative phosphorylation sites in
diﬀerent domains of NTHK1
Because diﬀerent domains of the NTHK1 have various roles
in regulating cell growth, stress response and gene expression,
and the NTHK1 has been found previously to possess Ser/Thr
kinase activity [44], we further examined if the diﬀerent do-
mains or subdomains have any autophosphorylation ability,
and also tested if these domains or subdomains can be phos-
phorylated. The truncated proteins were expressed and puri-
ﬁed from yeast cells (Fig. 6A–C). The results show that the
kinase domain plus the GAF domain (GKD) had the auto-
phosphorylation activity (Fig. 6B). When the GAF domain
was removed, the kinase domain itself [GKD(DGAF)] did
not have the autophosphorylation activity. Other truncated
versions such as GKD(DATP), ATP and HIS domains did
not have such an activity either (Fig. 6B). The domains or sub-
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Fig. 4. NTHK1 gene expression in the various NTHK1-transgenic plants in response to salt and CHX treatments. (A) Comparison of the transcript
accumulation in the transgenic lines harboring truncated versions of the NTHK1 under salt stress. A 35S-GUS transgenic line was used as a control
to show that the 35S promoter is not aﬀected by the salt stress. (B) Comparison of the transcript accumulation in the transgenic lines harboring
truncated versions of the NTHK1 in response to CHX treatment. The chlorophyll binding protein gene CHLBP was used as a control to show salt-
inhibited expression. For all the panels, the rRNA indicates the 18S rRNA gene.
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phosphorylated by the GKD of NTHK1. Fig. 6C shows that
the GKD phosphorylated the HIS and the ATP domains sig-
niﬁcantly whereas it only phosphorylated the GAF domain
in a very low level. The GKD did not phosphorylate the
RD. However, it had a strong ability to phosphorylate MBP
protein (Fig. 6C).
The conserved H378 in NTHK1 is not the phosphorylation
site [44]. We then predicted the putative phosphorylation sites
in NTHK1 using the NetPhos 2.0 Server program [http://
www.cbs.dtu.dk/services/NetPhos, 57] and synthesized 6 pep-
tides containing the putative Ser/Thr phosphorylation sites
(P1–P6) (Fig. 6D). The P1–P4 peptides were derived from
the HIS domain, and the P5 and P6 were derived from the
ATP-binding domain. These peptides, together with three
commercially available peptides (S1–S3), were tested to see if
the functional kinase domain GKD of the NTHK1 could
phosphorylate them. Fig. 6E shows that the P1–P5 peptides
could be phosphorylated to a signiﬁcant higher level when
compared with the control reaction. However, the P6 peptide
seemed not to be phosphorylated. As to the commercial pep-
tides, the S1 and S2 can be phosphorylated to a much higher
level whereas the S3 can only be phosphorylated to a level sim-
ilar to those of the P1–P5 from NTHK1 (Fig. 6E).4. Discussion
Many studies involving ethylene signaling are based on the
triple response. Major components of ethylene signaling have
been identiﬁed and the backbone of the signaling pathway
has been established [4,58]. However, detailed characterizationof these components in ethylene responses other than triple re-
sponse is still lacking. Previously, we have characterized tobac-
co ethylene receptor NTHK1 and found that NTHK1
increased the Arabidopsis rosette size, altered salt-stress re-
sponse and changed gene expressions [45]. The present study
focused on the roles of the NTHK1 various domains played
in plant growth and stress responses.
The present study indicates that each domain of the NTHK1
may have speciﬁc functions in regulation of plant growth,
salt-stress response and gene expression (Fig. 7). The trans-
membrane domains plus GAF domain may have a role in pro-
moting leaf cell growth, and the kinase domain may strengthen
this role. For ethylene-induced triple response, the kinase
domain appears to confer reduced sensitivity to ethylene.
However, it should be noted that the BK1 and the DRD lines
had longer seedlings. This phenomenon may be due to the
NTHK1 function or due to the reduced ethylene sensitivity.
The DHIS and DATP lines also showed longer seedlings under
non-treatment condition, possibly implying that the transgene
has a role in promoting cell elongation. Arabidopsis ETR1 may
also have ethylene-independent role in promoting cell elonga-
tion [64]. As to the salt-induced response (epinasty, relative
electrolyte leakage), the transmembrane domain and kinase
domain but not the GAF or the RD domain is required. For
salt-responsive gene expressions, the transmembrane domain
plus kinase domain may regulate AtNAC2, RD21A and
VSP2. The kinase domain itself can regulate the AtERF4
expression. The GAF domain may regulate the Cor6.6 expres-
sion (Fig. 7). Our results suggest that the transmembrane do-
main and kinase domain may play the most important roles
whereas the GAF may have its own speciﬁc functions. We also
ﬁnd a role for the RD domain in inhibition of the electrolyte
Fig. 5. NTHK1 promoter analysis. (A) NTHK1 promoter sequence (1.3 Kb) cloned from tobacco. Wound-responsive elements, identiﬁed by
PlantCARE program (http://intra.psb.ugent.be:8080/PlantCARE/), were underlined. The initiation codon ATG was also underlined. (B) Construct
harboring the 1.3 Kb NTHK1-promoter driven GUS gene. (C) GUS staining in the transgenic Arabidopsis (a–f) and transgenic tobacco plants (g–l).
GUS staining is shown in seedlings (a–c), inﬂorescence (d), ﬂower (e) and silique (f) of the transgenic Arabidopsis. GUS staining is also shown in
seedlings (g, h), ovary (i), stigma (j), anther (k) and ovules (l) of the transgenic tobacco plants. (D) GUS activity was induced in response to wounding
in both the transgenic Arabidopsis and the transgenic tobacco plants. (E) GUS activity was not signiﬁcantly aﬀected by salt stress in the transgenic
Arabidopsis or the transgenic tobacco plants.
1246 H.-L. Zhou et al. / FEBS Letters 580 (2006) 1239–1250leakage. However, because the level of protein expression was
not examined in these transgenic lines, the interpretation for
the present results may be limited.The present study adopted an overexpression approach,
which may cause protein expression in places where the recep-
tor would not normally be expressed. However, our results
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Fig. 6. In vitro phosphorylation of various domains of the NTHK1. (A) Various truncated versions or domains of the NTHK1 expressed in yeast
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Fig. 7. Schematic representation to show the possible functions of the
NTHK1 domains in plant growth, salt-stress response and gene
expression. From left, the ﬁrst box indicates the putative signal
peptide; the following three boxes indicate transmembrane regions.
The oval domain (RD) in the most right indicates the putative receiver
domain. The HIS domain plus the ATPase domain represent the
kinase domain. The phosphorylation sites in the kinase domain were
also indicated. The transmembrane domain and kinase domain are
related to salt responses, and promote RD21A and VSP2 expression
but inhibits AtNAC2 expression. The kinase domain itself can enhance
the AtERF4 expression. The GAF domain may promote the Cor6.6
expression. The transmembrane domain plus GAF may play a role in
plant cell growth and the kinase domain can promote this process.
1248 H.-L. Zhou et al. / FEBS Letters 580 (2006) 1239–1250seem to be consistent with those from the Arabidopsis ETR1
gain-of-function mutant etr1-1. The etr1-1 mutant showed
large rosette, salt-induced epinasty and expression of salt-
responsive genes [45]. This consistency may suggest that the
present results most likely reﬂected the in vivo situation of
the receptor function.
Our analysis on domain functions was derived from the sub-
family II ethylene receptor NTHK1. Subfamily I member
ETR1 from Arabidopsis has been analyzed for the domain
roles in ethylene-induced triple response or growth recovery.
Gamble et al. [27] reported that the kinase activity was not re-
quired for the ethylene insensitivity conferred by the mutant
etr1-1 receptor, and the GAF domain may confer ethylene
insensitivity. We ﬁnd roles for GAF domain in promoting leaf
growth and enhancing Cor6.6 gene expression. Wang et al. [28]
have found that the histidine kinase activity in ETR1 was not
required for ethylene receptor signaling through the observa-
tion that transformation of double mutants with a kinase-inac-
tivated ETR1 genomic gene resulted in restoration of normal
growth and ethylene responsiveness. Although these reports
did not ﬁnd a role for the ETR1 kinase activity, the activity
and/or the kinase domain may still function in some other re-
sponses. Recently, by using the ability of the mutant ETR1 to
rescue the triple loss-of-function mutant line, Qu and Schaller
[30] have disclosed a role of the kinase domain and kinase
activity in repression of the ethylene responses. Similarly, Bin-
der et al. [29] also revealed a role for ETR1 kinase activity in
seedling growth recovery by transformation of the ers1-
2;etr1-7 double mutant with a wild-type or His kinase-inacti-
vated ETR1. Consistently, our present results demonstrated
roles of the kinase domain of ethylene receptor NTHK1 in reg-
ulation of leaf growth, salt-stress responses and salt-responsive
gene expressions by using a transgenic gain-of-function ap-
proach. A role for the RD domain was also noticed in the
recovery growth [29] and in the control of the electrolyte leak-
age in the present study.Although some roles of each domain in ethylene receptors
have been found in various plant responses, it is not known
how these domains exerted their eﬀects on plants. It is possible
that ethylene receptor would recruit and interact with a few
components, and then pass signals to other downstream com-
ponents of the ethylene-signaling pathway. Screening and iden-
tiﬁcation of these interactive proteins would reveal the
mechanism by which ethylene receptors connect with the
downstream events. The complex interactions should explain
the multiple eﬀects exerted by ethylene on plants. Multiple do-
main interactions of the receptor-signaling complex have been
found for bacterial chemotaxis response involving histidine ki-
nase [59]. It has been reported that ETR1 can be associated
with CTR1, and subfamily II ethylene receptors had a weak
association [8,9]. It is possible that the subfamily II members
may also interact with some unidentiﬁed components.
The NTHK1 has Ser/Thr kinase activity [44]. However, our
present results indicate that the kinase domain of the NTHK1
does not have the ability to autophosphorylate. It needs the
GAF domain to perform the autophosphorylation. This fea-
ture is diﬀerent from those of the ETR1 and ETR2 from the
Arabidopsis. Both the kinase domains of the ETR1 and the
ETR2 have the phosphorylation ability [25,26]. This diﬀerence
may be due to the special structural requirement of the
NTHK1 phosphorylation. It is interesting to note that our
present result is consistent with the ﬁndings by Mutsuda
et al. [60]. They reported that deletion of the GAF domain re-
duced autophosphorylation of an unusual phytochrome-like
histidine protein kinase CikA. Elimination of its receiver do-
main increased kinase activity [60]. We further ﬁnd that the
functional kinase domain (GAF plus kinase domain) of the
NTHK1 can phosphorylate the HIS domain and the ATP do-
main, but not the GAF or the RD domain. The phosphoryla-
tion may occur on several Ser/Thr sites in the HIS and ATP
domain. These phosphorylation events may aﬀect downstream
signaling and hence lead to plant responses. It should be no-
ticed that the NTHK1 could phosphorylate the MBP and
two commercial peptides to a much higher level (Fig. 6), pos-
sibly suggesting that NTHK1 may have its own native sub-
strates in plants. From this point of view, NTHK1 may
phosphorylate its native substrate more eﬃciently than auto-
phosphorylate. However, both autophosphorylation and phos-
phorylation of other substrates may change the signaling
eﬃciency of the NTHK1 protein. The biological roles of these
phosphorylations need to be further investigated. The role of
the ETR1 kinase activity on ethylene signal transmission has
been studied and it is found that the His kinase activity may
play subtle roles in growth recovery and repression of ethylene
response [29,30].
The NTHK1 gene is salt-inducible in tobacco plants [32] and
the salt-responsive element may be in the coding region but not
in the UTR [45] or promoter sequence (Fig. 5). Analysis of the
transgenic Arabidopsis plants harboring various truncated ver-
sions of the NTHK1 gene in response to salt and CHX treat-
ments further demonstrated that the salt or CHX-responsive
element was in the region coding for the transmembrane do-
mains. It is possible that the transmembrane-coding region
contains an instability element. Under normal condition, a
protein may bind to this element and degrade the NTHK1
mRNA. Salt stress and/or CHX would inhibit the protein syn-
thesis and result in the NTHK1 transcript accumulation. When
the instability element was removed, the transcripts would be
H.-L. Zhou et al. / FEBS Letters 580 (2006) 1239–1250 1249accumulated in a higher-level under normal condition and salt
stress would not signiﬁcantly aﬀect transcript accumulation.
Identiﬁcation of these protein factors will facilitate our under-
standing of the mechanism for NTHK1 transcript accumula-
tion under salt stress. MicroRNA regulation may also be
involved in this process. In animal cell systems, cis-regulatory
elements have been found in the UTRs and the coding region.
trans-acting proteins have also been identiﬁed and can aﬀect
the mRNA stability by interacting with the cis-elements [61].
In plants, the CHX-induced SAUR mRNA accumulation
was related to the cis element in the open reading frame of this
gene [62]. Expression of a 35S-driven Na+/H+ antiporter gene
SOS1 was also enhanced in transgenic Arabidopsis upon NaCl
treatment [63]. Therefore, at least some cases of the salt-in-
duced transcript accumulation may involve a mechanism that
is not promoter-dependent and further study should reveal
more about this mechanism.
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